Adhesion of the SiCN barrier layer and Cu film interface is one of the important characteristics that reflect the interfacial structure. NH 3 plasma treatment of the Cu surface is a well-known way of improving adhesion. The results of X-ray reflectivity (XRR) and X-ray photoelectron spectroscopy ( 
Introduction
Ultra-large-scale integrated (ULSI) circuits require lower resistivity to obtain higher operating speeds and lower power consumption. Cu is now used as an interconnect material instead of Al, which was used for a long time.
Cu exhibits a lower electrical resistivity and a better electromigration resistance. The Cu surface is, however, chemically unstable. Cu easily oxidizes and diffuses in the deposition process environment. Cu wire, therefore, needs to be covered with a barrier layer to prevent diffusion and oxidation. The behavior of the barrier layer/Cu interface is one of the key factors in inhibiting breakdown and ensuring reliability of ULSI circuits. Adhesion properties are closely related to the interfacial behavior of the barrier layer/Cu.
SiCN is now being applied as a barrier layer instead of conventional SiN because the barrier layer is also expected to have a lower dielectric in order to reduce the intrinsic capacitance. Adhesion between SiCN and Cu is, however, drastically lower than that of SiN. Weak adhesion could cause breakdown ultimately. Accordingly, investigation of adhesion properties, which depend on fabrication processes and materials, is always a critical issue. It has been widely reported that a NH 3 plasma treatment of the Cu surface improves the adhesion of the SiCN/Cu interface. [1] A comparison of adhesion is, however, almost always relative and qualitative. In this study, we measured the fracture energies of the SiCN/Cu interface treated with and without NH 3 plasma using a double cantilever beam (DCB) technique [2, 3] and a 4-point bending (4PB) technique [4] in order to compare adhesion properties quantitatively. X-ray reflectivity (XRR), X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM) were used for characterization of SiCN/Cu interfaces.
Direct observation of fracture surfaces after DCB and 4PB measurements is especially valuable for obtaining information about the interface. SiCN/Cu interface properties are discussed in relation to fracture energies and an important factor affecting interfacial adhesion is identified.
Experimental

Sample preparation
The multilayer sample includes the SiCN/Cu interface as shown in Fig. 1 . Samples with NH 3 plasma treated and non-treated Cu surfaces were prepared for comparison of adhesion properties and behavior of the SiCN/Cu inter- 
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For the specimens subjected to DCB and 4PB measurements, square-shaped bare silicon substrates measuring about 50 mm on one side were used with SiCN epoxybonded on the top of the specimens. The sandwich substrates were diced using a high speed wafer saw to fabricate individual specimens with dimensions of 4 mm wide, 50 mm long and 1.45 mm thick.
Adhesion
Adhesion was quantified as the fracture energy needed for a crack to delaminate the interface. Two different fracture mechanics, namely DCB and 4PB techniques, were used to measure fracture energy. For fracture energy measurement by the DCB technique under pure Mode I loading, a crack was initiated from a pre-notch machined at the end of the specimen ( Fig. 2 (a) ). Loading tabs were epoxy-bonded to the notched end of the specimens. Specimens were loaded under controlled displacement at a displacement rate of 1.0 μm/s. The load-displacement response was linear elastic until reaching a critical load, P c . After that, the response changed from linear to non-linear when the crack began to propagate. The fracture energy, G c , was calculated as the critical value of the strain energy release rate, as defined by [2, 3] :
where a is the crack length, E ' is the biaxial modulus of the silicon beams (169 GPa), and B and h are the specimen width and half-height, respectively.
For measurement by the 4PB technique under mixed mode loading, a crack was initiated from a pre-notch at the top center of the specimen into the layered structure ( as defined by [4] :
where L is a moment arm. 
Characterization
Results and Discussion
XRR measurements for the samples with and without For all of the Cu film facture surfaces, no N-Si chemical bonding originating from the SiCN film around 397 eV [7] was found. N-Cu chemical bonding near 399 eV [7] 
